The X-ray light curves of pre-main sequence stars can show variability in the form of flares altering a baseline characteristic activity level; the largest X-ray flares are characterized by a rapid rise to more than 10 times the characteristic count rate, followed by a slower quasi-exponential decay. Analysis of these highcontrast X-ray flares enables the study of the innermost magnetic fields of premain sequence stars. We have scanned the ANCHORS database of Chandra observations of star-forming regions to extend the study of flare events on premain sequence stars both in sky coverage and in volume. We developed a sample of 30 high-contrast flares out of the 14,000 stars of various ages and masses available in ANCHORS at the start of our study. Applying methods of timeresolved spectral analysis, we obtain the temperatures, confining magnetic field strengths, and loop lengths of these bright, energetic flares. The results of the flare analysis are compared to the 2MASS and Spitzer data available for the stars in our sample. We find that the longest flare loop lengths (of order several stellar radii) are only seen on stars whose IR data indicates the presence of disks. This suggests that the longest flares may stretch all the way to the disk. Such long flares tend to be more tenuous than the other large flares studied. A wide range of loop lengths are observed, indicating that different types of flares may occur on disked young stellar objects.
Introduction
Though almost all magnetically active stars show X-ray variability (e.g. Favata & Micela 2003; Güdel 2004) , pre-main sequence (PMS) stars are especially variable. In ROSAT observations, the X-ray flux of many young stellar objects (YSOs) were seen to change by factors of 2 or more between observations separated by less than an hour. With the onset of nearly continuous multi-day observations by the XMM-Newton and Chandra X-ray Observatories, rotational modulation of X-ray emitting coronal plasma has been observed to cause X-ray variability (Marino et al. 2003; . However, most variability appears to be stochastic in nature: stars' turbulent magnetic fields induce solar-analog coronal events which heat the coronal plasma to temperatures of order 10 6 -10 8 K and produce the bulk of observed X-ray variability (e.g., Güdel 2004 and references therein). This stochastic variability takes the form of flares altering a baseline characteristic X-ray activity level (Wolk et al. 2005 ) which itself may be the result continuous of low-level flare activity.
In analogy with the micro-flare heating mechanism proposed for the solar corona (Hudson 1991) , several authors have proposed that the characteristic X-ray activity level observed in the light curves of PMS consists of a large number of overlapping, small-scale flares (e.g. Drake et al. 2000; Favata & Micela 2003; Caramazza et al. 2007 ). Only intense flares produce enough flux to be individually resolved against the characteristic level; the large majority of flares release only small amounts of energy, and only the integrated and time-averaged X-ray emission (Audard et al. 2000; Güdel et al. 2003 ) is detected.
For the purposes of this study, a flare is defined as a sudden rise in X-ray luminosity accompanied by an increase in plasma temperature, followed by a slower, quasi-exponential decay back down towards the characteristic levels of both plasma temperature and X-ray flux. The light curve of a flaring star may then be divided into characteristic, peak flare, and decay components corresponding to stages in the evolution of a flare event on a star. Analysis of the decay segments of flare events has become a standard tool to determine the size of the flaring structure (and so infer other quantities such as the confining magnetic field). The analysis is based on the hydrodynamic modeling of flares by Serio et al. (1991) , who derived a thermodynamic decay time applicable to both solar and stellar flares. Reale et al. (1997) incorporated this work with information on residual heating from flares' density-temperature diagrams (Jakimiec et al. 1992; Sylwester et al. 1993) to derive a general expression for the flares' half-loop lengths. The equations developed by Reale et al. are essentially inversions of those in Serio et al. with a correction for sustained plasma heating, without which the loop length may be overestimated.
Application of the model of Reale et al. to samples of stars has yielded a rich dataset. Taking advantage of the unprecedented length and depth of the Chandra Orion Ultradeep Project (COUP), a 13-day observation of the Orion Nebula Cluster, Favata et al. (2005) applied the flare model to a sample of approximately 30 events on very young stars representing the most powerful 1% of COUP flares. They found flares with temperatures exceeding 100 MK and loops as long as 0.2 AU, possibly indicating a direct connection between the star's photosphere and the inner edge of any existing accretion disk. Such flares would have a substantial impact on the disk's thermal, chemical, and dynamical states (see Glassgold et al. 2000; Wolk et al. 2005 ).
In contrast, Getman et al. (2008a, b) used a modified version of this modeling technique using the median energy instead of the spectrally fitted energies. Starting with the entire COUP sample they identified 216 source which experienced flux increased by at least a factor of four over their characteristic levels. They found the flares to contain extended, hot and powerful coronal structures. Comparison with solar scaling laws indicated that proposed solar-stellar power-temperature and duration-temperature relations may not adequately fit COUP flares. In the analysis of Getman et al. the hottest COUP flares are found to be brighter but shorter than cooler flares. They found no evidence that any flare is produced in star-disk magnetic loops, but instead all are consistent with enhanced solar long-duration events with both foot-points anchored in the stellar photosphere.
Further probing the COUP dataset, Aarnio et al. (2010) construct spectral energy distributions from 0.3 to 8 µm for the high-contrast flares characterized by Favata et al. (2005) and model them to determine whether there is enough circumstellar disk material to allow star-disk interaction. Aarnio et al. conclude that 58% of the stars in the COUP high-contrast flare sample have no disk material within reach of the confining magnetic loops and so conclude that high-contrast X-ray flares in general are purely stellar in origin with no footprint in the circumstellar accretion disk.
Prior studies were limited in both sky coverage and kinds of stars examined. This study will take advantage of the ANCHORS database of Chandra observations of star-forming regions to extend the study of flare events both in sky coverage and in distance. By not limiting our sample by cluster, age, or spectral type, we increase the number of flare events studied and subsequently the strength of any statements about their properties.
In this study, we will search for stars with flare events in the ANCHORS database (excluding sources already examined in the COUP survey), model the flares based on the work of Reale et al. and examine the results of flare modeling in the context of available infrared data. The remainder of this paper will be structured as follows: in §2 we describe the selection and basic properties of the samples, in §3 we describe the modeling applied to the flare events and §4 contains the results of this modeling. Discussion of the results of modeling, including the roles that accretion disks play in flare behavior, appears in §5 and conclusions are presented in §6.
Data

X-Ray Data
All flares analyzed in this paper are taken from ANCHORS 1 , an archive of observations of regions of star formation by the Chandra Advanced CCD Imaging Spectrometer (ACIS). The goal of ANCHORS is to provide a uniform database of X-ray data from different stellar clusters, making it ideal for this study. The ANCHORS database is freely accessible to the public and includes position, net counts, count rates, hardness ratios, and the results of several spectral model fittings for over 14,000 stars from over 150 distinct Chandra observations.
2 The ANCHORS page for each source also contains an evaluation of the credibility of the source based on net counts and degree of pileup. While data from the COUP survey are included in the ANCHORS database,with one exception (COUP 1246) this work deliberately excludes sources studied in COUP due to their extensive coverage in the literature (cf. Favata et al. 2005 , Getman et al. 2008a , Getman et al. 2008b , Aarnio et al. 2010 ).
The X-ray data presented in ANCHORS are standard Chandra data system pipeline level-2 products downloaded from the archive. Source detection is performed using WavDetect in an iterative manner with spatial bins of 1, 2 and 4 pixels. WavDetect is run in three bands: 0.5 − 2 keV, 3.0 − 7.5 keV, and 0.5 − 7.5 keV. The resulting source lists are then merged. Photons with energies below 0.5 keV and above 7.5 keV were filtered out to minimize contamination from detector background and hard, non-stellar, sources. At each WavDetect source position an extraction ellipse containing 95% of encircled energy was calculated based on Chandra point-spread functions. Background for each source is calculated using an annular elliptical region with the same center, orientation and eccentricity as the source ellipse. The inner radius of the background annulus is three times the source radius, and the outer radius is six times the source radius. Net source counts are estimated by subtracting background counts in the source ellipse from total counts contained in the source ellipse, and multiplying the result by 1.053 to correct for the use of a 95% encircled energy radius.
After net counts for each source are calculated, spectral, temporal, and cross-correlation analyses are performed on the reduced data products. The components of the spectroscopy pipeline applied to ANCHORS sources, collectively known as YAXX (Yet Another X-Ray Extractor) 3 , are also freely accessible to the public.
Two different timing analyses are applied to all sources in the ANCHORS database. First, a Bayesian analysis for constancy (described in detail by Scargle 1998) splits the light curves of the stars into periods of constant flux at a given significance level. A second timing analysis follows the method of Gregory and Loredo (GL; , which uses maximum-likelihood statistics and evaluates a large number of possible break points against the prediction of constancy. The Gregory-Loredo method evaluates the probability that the source was variable and estimates the constant intervals within the observing window. The Bayesian method requires a "prior" for comparison and hence only detects variability above a given threshold, usually 95, 99 or 99.9%. The Gregory-Loredo timing analysis returns a probability of variability as an output. The results of the Gregory-Loredo timing analysis are consistent with the Bayesian timing analysis. The Gregory-Loredo analysis has the added advantage of assigning to each source a numerical grade from 1 to 10 based on the variability of the constant-flux blocks. A variability grade of 0 indicates constant flux, while a grade of 10 indicates extreme variability in the count rate.
To build a sample for flare analysis, the ANCHORS data were filtered by counts and variability. The process of selecting sources for flare analysis began in June 2008, which means that observations must have been completed by June 2007 to be included in this study. We find that sources with high Gregory-Loredo variability grades tend to show more frequently the archetypal flaring behavior of impulsive rise in X-ray luminosity followed by gradual decay to characteristic levels. A variability grade greater than or equal to 8 (> 99.9% confidence level) was the first selection applied to the data. This first selection yielded about 2000 sources. To ensure the extraction of a quality spectrum, from these sources we chose observations with at least 1000 counts per source, of which at least 200 come from the peak flare segment of the light curve. We found this count level to be a good balance between inclusion of the maximum number of stars for this study and a minimum number of counts needed to extract a quality spectrum for each segment of the light curve. As a further cut, all sources whose light curve did not show an archetypal flare's fast rise and slow decay were discarded for the purposes of this analysis. A light curve with a slow rise or no decay could indicate either a flare caused by different underlying mechanisms and thus not compatible with the procedure developed in §3, or altogether different types of variability, e.g., rotational modulation. These last selections reduced the data set to 29 stars meeting all criteria for counts and variability. Finally, all sources were checked for photon pile-up. For each source, the highest count rate per pixel after correcting for Chandra off-axis PSF is compared against the PIMMS 4 expected pile-up rate. None of the sources selected for further study suffered from photon pile-up greater than 5%. Table 1 lists the X-ray properties of the 29 non-COUP stars involved in this study. The 17 non-COUP Chandra observations used in this study are summarized in Table 2 . While cluster membership is not explicitly determined in this study, the existence of 2MASS counterparts for all X-ray sources included and the filtering out of very soft or hard X-ray photons limit the likelihood of contamination by non-stellar objects for sources in our sample. The archetypal fast rise and slow decay flaring behavior in the sources' X-ray light curves is strong additional evidence for their youth. Cluster membership as displayed in Table 2 is then very highly probable.
The selections that culminated in Tables 1 and 2 do not generate an unbiased sample: they specifically select only the brightest flares because only the brightest and longest-lasting flares will have the statistics necessary for time resolved spectral analysis. Moreover, because luminosity scales with the square of distance, flares from more distant clusters are more intrinsically intense than those in nearby clusters. For example, flares on sources in M 17 (2100 pc away) must about 100 times more luminous than those in the Serpens Cloud Core (260 pc away; though perhaps a bit further, see Winston et al. 2010 ) to be time-resolved with the same statistical certainty. Therefore, the flare characteristics derived in this paper should be understood as representative of only the most intense flares present in stellar coronae, not the "average" coronal flares that occur far more often and make up the characteristic activity level. Favata et al. (2005) argue that for some of the larger flares, the magnetic loop may have connected the star to the disk. To identify the stars in our sample with disks, the X-ray data are supplemented by infrared photometry from the 2MASS All-Sky Point Source Catalog and Spitzer Space Telescope's IRAC and MIPS instruments. The photometry used here is taken from the Spitzer Young Cluster Survey (SYC; Gutermuth et al. 2009 ), a systematic IRAC and MIPS 24 micron imaging and photometric survey of 36 star-forming clusters in which Gutermuth et al. identified and classified over 2,500 YSOs using established mid-infrared color-based methods Gutermuth et al. 2009 ).
Infrared Data
Infrared data provide a robust means of detecting disks and envelopes around young stars via excess thermal emission and so can be used to identify the X-ray sources in our sample as protostars (Class I), disked/classical T Tauri stars (cTTs; Class II), or naked/weak T Tauri stars (wTTs; Class III). The T Tauri subclasses may be understood in the framework of a disk evolution model whereby Class I protostars become Class II cTTs as the infall process ends. Class II sources evolve into Class III wTTs when the circumstellar disks materiel agglomerates into millimeter-sized grains, is accreted onto the host star, or is otherwise cleared 5 .
In order to classify the sources in our sample, available IR photometry from 2MASS, IRAC and MIPS (Table 3 ) was examined via a slew of near-and mid-infrared color-color diagrams. Gutermuth et al (2005; 2008b; 2009) 
are considered Class I YSOs because of their particularly flat or rising spectral energy distributions. Two sources in our sample, CXOANC J162727.0-244049 and CXOANC J034359.7+321403, were identified as Class I YSOs using these constraints. Figure 2 detects warm, massive disks that can be easily distinguished from the host star because they are optically thick at K-band. The J − H vs. H − K s diagram does not detect cooler disks that are not optically thick at K-band and thus have less contrast against the host star. The H -K s vs. 
Flare Modeling
The Hydrodynamic Model of Stellar Flares
Modeling the spectra for each source is a multi-step procedure guided by the principle that flares are isolated events periodically altering an underlying characteristic spectrum -even if the underlying spectrum is composed of multiple unresolved flares. Because the coronae of stars in our dataset are unresolved, the key to determining flare characteristics is good modelling of the spectra of the quiescent, peak and decay segments of the flare. The model itself has evolved over about 20 years, beginning with the thermodynamic timescale for flare loop decay of Serio et al. (1991) as a function of loop half-length L (considered from one of the flare footpoints to its apex), peak temperature T P K , and e-fold decay time τ T H :
In principle, if T P K and τ T H can be determined, equation 7 can be inverted to obtain the flare loop length. However, the quantities τ T H and T P K cannot be directly observed. Instead, they must be derived based on other observable quantities from the data.
Because the archetypal flares' rise time is significantly shorter than the decay time, τ T H in equation 7 assumes impulsive heating concentrated only at the beginning of the flare event.
If the heating is not strictly impulsive, the flare plasma may be subject to prolonged heating extending into the decay phase. As a result, the flare's e-fold decay time measured directly from the light curve (τ LC ) would be longer than the flare's intrinsic decay time (τ T H ) and application of equation 7 would result in the overestimation of flare loop length. The slope of the flare plotted in a log T vs. log n e space (ζ) can be used as a quantitative measure of the timescale of any sustained heating. Reale et al. (1997) show that ζ provides a diagnostic of the ratio between intrinsic (τ T H ) and observed decay times (τ LC ) such that:
The actual form of F (ζ) is observation-specific, depending on the band-pass and spectral response of the instrument used to obtain flare data. For values of ζ between 0.32 and 1.5, the ratio between observed and intrinsic flare times for ACIS observations has been calibrated to:
Equation 9 allows for the substitution of τ T H in Equation 7 with the observable quantities τ LC and ζ. Favata et al. also calibrated the actual peak flare temperature, T P K , as a function of the observed temperature (in kelvins), T OBS , for ACIS observations:
With corrections for sustained heating and instrumental response in place, the equation for flare loop half-length is based entirely on observable quantities and becomes:
The loop length, in turn, may be used to determine the volume of the flare loop. If the ratio β between the flare's radius and its length is fixed at the solar value of β ∼ 0.1, then the volume of the flare loop may be derived using equation (8) 
Consequently, we can infer the flare's resulting plasma density in cm −3 and confining magnetic field(B) in gauss using equations (9) and (10) from Favata et al. by estimating the electron density (n e ):
where, through the Ideal Gas Law, the quantity kn e T is equivalent to the flare loop's plasma pressure. It should be noted that this estimate of the magnetic field is actually a lower limit, only the minimum field strength required to confine plasma of density n e and temperature T P K . The flare's confining magnetic field may be higher than inferred from equation 14. Equations 11, 13, and 14 were applied to all sources in our sample; the resulting values of L, B and n e are listed in Table 4 . Uncertainty in the value of β used to derive B and n e introduces considerable systematic error into their reported values, and so the calculated values for the magnetic field and the electron density should be understood to represent relative magnitudes. Assuming an extreme case of a circular flare loop for which β = 1, the estimates differ by a factor of 10 for the electron density and a factor of 3 for the magnetic field.
It should be noted that this formulation for stellar flares is degenerate in that it doesn't differentiate between a single long flaring loop and an arcade of several smaller flaring loops for a given length of plasma. Such complex flaring structures have been observed on the Sun, and they can have very simple light curves. Because the sources in our sample are unresolved, it is impossible to distinguish between a single flare loop and an arcade of smaller loops.
Application of Model to X-ray Data
To ascertain ζ and so characterize the flare loop, resolved spectra of each phase of the flare are required. In order to obtain these phase-resolved spectra, the light curve of each source is divided into a characteristic portion, a peak potion, and a decay portion. A finer resolution on the flare translates to a better-constrained value for ζ and more confident derivation of flare characteristics, so the peak and decay portions of the light curve are themselves subdivided into multiple segments. Light curve subdivision relies on timing information from the Bayesian blocks (BBs) generated with the Scargle (1998) algorithm and a prior consistent with 95% confidence that the photon arrival rate had changed. Depending on the particular resolution of the source, there can be as few as three or as many as nine individual segments associated with a flare event on a star in our sample. Each segment of a flare event was required to have a minimum of 100 to 150 counts, and in all cases N H was fixed to the value reported in the ANCHORS database, usually of order 10 22 cm −3 . This limits uncertainties in temperature to less than 30%. We assume that the N H is dominated by interstellar gas or material associated with the local disk, not material associated with possible coronal mass ejections or accretion streams. The subdivision of the lightcurve into segments is shown for a sample source (Chandra observation 4479) in the topmost plot of After subdivision, spectra are generated for all flare event segments with the specextract routine from CXC's CIAO 3.4 software package.
6 The resulting spectra are fitted with an absorbed multi-temperature model using Sherpa 2.0 to obtain the evolution of temperature and density needed for the calculation of flare parameters.
7 Because Sherpa fits are based on chi-squared minimization, the spectra are binned to ensure robust statistics.
Spectral fits occur in several steps. First, the characteristic spectrum is fitted with a three-temperature model with all abundances freed in order to provide the best possible fit to the data. The model assumes the emission spectrum of collisionally ionized diffuse thermal plasma as calculated with the APEC code (Smith et al. 2001) . To account for the interstellar medium and the circumstellar environment of the sources, a multiplicative absorption component (WABS; Morrison & McCommon 1982) is included in the model. Initial guesses for hydrogen column density came from the ANCHORS estimate. We assume that the gas column is dominated by interstellar gas or material associated with the local disk, not material associated with a possible coronal mass ejection or possible accretion streams. The results of this stage of modeling have limited physical significance, but generally provide an excellent fit to the data and serve as a mathematical representation of the characteristic level from which evolution in density and temperature may be studied. After a model is determined for the characteristic spectrum, all parameters associated with it are frozen.
To fit the peak and decay segments of the flare event with the frozen characteristic model, we include another component consisting of a simple one-temperature APEC model with only temperature and normalization as free parameters. The frozen portion of this new, compound model represents the underlying characteristic level, while the one-temperature component monitors changes in temperature and emission measure associated with the flare. The compound model was fitted to each segment of all flare events in our sample. Normalizations from the fits are interpreted as emission measures for the particular segment of the light curve. This stage of modeling leads to a series of points tracking the evolution of a flare in temperature and density (via the proxy of √ EM ). The two middle plots of Figure 3 show this evolution for Chandra observation 4479.
We then calculate ζ and subsequently the sustained heating correction F (ζ) for all sources in our sample by fitting the slope of log T vs. log √ EM (see the bottom of Figure 3 for an example). Finally, loop lengths and other derived quantities are determined for the flare events in our sample through application of equations 9 through 14.
It should be noted that our procedure closely follows the analysis of Favata et al. (2005) but does not replicate it exactly: differences in the sample selection techniques, light curve subdivision, etc., could potentially affect derived characteristics for the flare. In order to calibrate and verify our implementation, we processed source 1246 from the COUP survey . We derived a value of 1.03± 0.21 for ζ, which agrees within uncertainty to the value of 0.90 ± 0.18 reported by Favata et al. Our loop half-length of 50 × 10 10 cm (with a range of 43 − 55 × 10 10 cm) is also consistent the value of 40 × 10 10 cm reported by 10 cm). All other derived flare characteristics agree to within a factor of about 2. Infrared photometry for COUP 1246 is included in Table 3 , and its derived flare characteristics are included in Table 4 . Table 4 summarizes the physical characteristics of the flares inferred from the analysis in §3, and includes the energy released by the entire flare event and the YSO class of the sources when it is known. The total energy released by a flare event was calculated as follows: for each segment of the flare modeled, the APEC/WABS model outputs an X-ray flux as well as temperature and emission measure. Multiplying this flux by the duration of the segment and scaling by the distance to the source yields the energy emitted by that particular flare segment. Summing over all segments modeled yields the total energy emitted by a flare. The log 10 of the average energy emitted by all flares in this sample is 35.7 ± 0.7 ergs. The average energy emitted by flares on known Class II sources is 36.4 ± 0.8 ergs, while flares on known Class III YSOs emit an average of 36.0 ± 0.5 ergs. These two values agree within uncertainties and we conclude that the presence of a circumstellar disk does not appear to affect total energy emitted by a flare. Figure 4 shows plots of the relationships among derived flare characteristics. Although the longer flares in this sample tend to be hotter and release more energy, flare temperature and emitted energy themselves are not strong predictors of loop length ( fig. 4b, 4d) , a result also seen by Getman et al. (2008a) . As predicted by equation 11, flare loop length is more or less proportional to the square root of temperature, but significant scatter is introduced by the F (ζ) parameter measured from the data itself. Flare temperature and emitted energy are weakly correlated, with a Pearson r-coefficient of 0.52 ( fig. 4f ). Equation 13 predicts that plasma density varies with the square of the magnetic field strength, a result we confirmed in Figure 4e .
RESULTS
As seen in Figures 4c and 4e , flare loop length is anti-correlated with magnetic field strength and plasma density; the longest flares in this sample are tenuous and weakly confined. In fact, Figures 4c and 4e suggest that flare loops longer than 1 × 10 11 cm require magnetic fields weaker than 200 G and plasma density less than 5 × 10 11 cm −3 . Although this observed dependence of loop length on magnetic field strength and plasma density is predicted by equations 11, 13, and 14, the trends shown in Figures 4c and 4e are not guaranteed by the model: the reported flare properties depend on emission measure and peak flare temperature, quantities which are determined from the data and do not depend on the hydrodynamic model described in this section.
Histograms of derived flare characteristics segregated by source YSO class are shown in Figures 5 through 8 . The loop length histogram shows that about two-thirds of the sources in our sample have loop lengths equal to or smaller than the stellar radius (assuming that R ⋆ = 3R ⊙ , cf. Baraffe et al. 1998) . About half of the flares in the sample are "hot," with peak plasma temperatures exceeding 100 MK. Figures 6 and 8 show that about two-thirds of flare events in our sample are confined in magnetic fields less than 150 G, and about 90% of the flares have plasma density less than 2 × 10 12 cm −3 .
We now examine differences in the flare characteristic histograms by YSO class in order to determine the effect of circumstellar disks on flaring behavior. Figure 5 shows that while the distribution of the twelve identified Class II YSOs' loop lengths is fairly spread out over all bins out to 5 × 10 11 cm, none of the eleven identified Class III YSOs has a loop length longer than 1.3 × 10 11 cm. To quantify this result, the distributions of loop lengths were compared using a two-sided Kolmogorov-Smirnov (KS) tests. We assumed that the molecular envelopes of material in-falling onto outer parts of a disk associated with Class I YSOs would have no effect on flaring behavior, so the Class I distribution was combined with the Class II distribution to test whether the presence of thick circumstellar disks affects flare loop length. Comparing the Class III loop length distribution to the ensemble of Class I and Class II loop lengths with a KS test yields an 11% probability that the two distributions are drawn from the same parent population. Though not definitive, this result is suggestive of a difference between Class I/II and Class III YSOs in the mechanism(s) driving at least some flare production.
Kolmogorov-Smirnov tests are also used to quantify the magnetic field distributions seen in Figure 6 . As a general rule, Class I YSOs observed in X-rays tend to be hotter than Class II and III YSOs 8 , and since magnetic fields associated with flares vary as √ T (cf. equation 14), we expect the magnetic field strength distributions to reflect this difference. The KS statistic for the magnetic field strength distributions of identified Class II and Class III YSOs yields a 97% probability that the magnetic field strength distributions originate in the same parent population. We then compared the combined the Class II and Class III distributions with the magnetic field distribution of identified Class I YSOs. The resulting probability that the Class II/III distribution is drawn from the same parent population as the Class I distribution is only 0.7%. Although the Class I distribution comprises only two soures, the KS statistic at least suggests that the magnetic fields of Class I YSOs are quantitatively different from those on Class II and III YSOs.
Figures 7 and 8 show the distribution of peak flare event temperatures and plasma densities by YSO class. "Hot" flares with T P K > 100 MK are not observed preferentially to arise on a particular YSO class; a KS test on the set of temperatures results in a 98% probability that the Class II and Class III temperature distributions originate in the same parent distribution. However, the two flares in our sample with n e > 30 × 10 10 cm −3 occur on Class III YSOs. These findings are consistent with Figure 4b and 4c, which indicate that loop length is not a strong predictor of peak temperature but is rather anti-correlated with plasma density. Even if lengthened flares are preferentially found on Class II YSOs, the hottest flares will not necessarily be found on Class II YSOs as well.
As discussed in §2.1, our sample has a bias towards the brightest flares on young stellar objects. It is of interest to estimate the frequency with which these intense flares occur. By multiplying the number of sources in each Chandra observation included in our sample by the reported exposure time and summing over all observations, this sample may be estimated to contain approximately 2.9 million ks (i.e. 2.9 × 10 9 seconds) of "on star" time. Twentynine large flares were observed in this "on star" time, which translates to one large flare per 100,000 ks of observation time. Phrased differently, the average YSO in our sample produces one of these intense flares, characterized by fast rise to a ten-fold increase in flux over the characteristic level followed by a smooth quasi-exponential decay, about once every three years.
Discussion
The Role of Disks in Flare Behavior
Lengths of the flaring structures in this sample range from 0.53 × 10 10 cm to 50 × 10 10 cm, (∼ 0.03 − 3.0R ⊙ ; assuming a fiducial R ⋆ = 3R ⊙ ) 9 . Their confining magnetic fields range between tens and hundreds of Gauss. Compact flares with L ≤ 0.5R ⋆ could easily be contained within the YSOs' dipole fields and appear similar to coronal events seen on ZAMS or MS stars. Compact flares have been frequently observed on YSOs, which led to the historical modeling of YSO magnetic fields as enhanced solar-type magnetic fields with footpoints anchored in the stellar photosphere (cf. Feigelson & Montmerle 1999 and references therein). While explaining the compact flares on YSOs, the enhanced solar-type model cannot account for the long magnetic structures (of order several stellar radii) implied by the most extended flare events in our sample. Without an enormous field tension as a counterbalance, the centrifugal force on magnetic structures several stellar radii long and anchored solely on the stellar surface would likely be sufficient to rupture the loops and eject any plasma before flaring. Moreover, for the long loops in our sample, the data do not support the existence of the high magnetic field tension expected in a tightly wound arcade of flares. In fact, as shown in Figure 4a , loop length is anti-correlated with confining magnetic field.
Confronted with the failure of the enhanced solar-type model to explain long flares, the most probable magnetic field geometry capable of supporting coherent magnetic fields over several stellar radii is the connection of the stellar photosphere to the inner edge of the circumstellar disk via magnetic flux tubes.
Several theoretical models (e.g., Shu et al. 1993 Shu et al. , 2000 Feigelson et al. 2006 ) predict that PMS stars are magnetically coupled to the inner edge of their (Keplerian) disks at corotation radii defined as
Theoretical studies (Uzdensky et al. 2002; Matt & Pudritz 2005) indicate that the presence of a disk truncates the stellar magnetosphere so closed magnetic loops cannot extend much further into the accretion disk than this corotating inner edge. The steady state solution dictates that the inner edge of the accretion disk rotates at the same rate as the star, but dissipative effects lead to differential rotation between the stellar photosphere and the inner 9 Current stellar evolution models predict stellar radii ranging from 1.5 to 4R ⊙ for masses between 0.2 and 3M ⊙ (Siess et al. 2007) edge of the disk. This differential rotation induces shearing of the long magnetic field lines connecting the star and disk, producing the stressed magnetic field configuration necessary to drive flares (Shu et al. 2000) .
In typical low-mass PMS stars with rotation periods ranging from 2-10 days (cf. Edwards et al. 1993) , equation 15 predicts an R C of about 3 −5R ⋆ from the stellar surface. The radius from the star at which dust sublimates may be modelled as
where T s is the dust sublimation temperature and Q R is the ratio of the absorption efficiencies for dust at the color temperature of the incident and remitted radiation fields (Tuthill, Monnier & Danchi 2001) . For a dust sublimation temperature of 1500 K, and a dust absorption efficiency Q R of 1, the sublimation radii range from 2R ⋆ for a stellar temperature of 3000 K to 8R ⋆ for a stellar temperature of 6000 K. D'Alessio et al. (2004) add a term to equation 16 which accounts for luminosity from any accretion streams. This extra luminosity may push the dust sublimation radius up to three times further out from the star, but its inclusion requires detailed infrared spectra to constrain the radiation field and dust opacities. As such, we do not attempt to estimate the contribution to the stellar radiation field due to accretion streams. It may be of interest to calculate dust destruction radii for the two flares in our sample in which star-disk interaction is the most likely. From these results and the results published in the COUP survey ( §5.2), a consistent picture of star-disk magnetic interaction in YSOs emeges. As part of normal chromospheric activity on a young star, the local magnetic field is arranged in arcade loops analagous to those seen on the Sun. Convection on the surface of the star causes shuffling of the loop footprint, which eventually stresses the magnetic field loops and causes a reconnection event and flare. Since YSOs have large surfaces compared to Sun-like MS stars, convective activity (and shuffling of the arcade loop footprint) is comparatively reduced. If the surface underneath the loop footprint is calm enough, and if they are equatorially located, the magnetic loops can grow large enough to interact with the inner edge of disk by drawing out ionized material. The presence or absence of a circumstellar disk plays no role in determining high-contrast flare energetics, but should a field line reach out and find disk material, the disk supports this extended magnetic structure and the accompanying extended high-contrast flare once the flux tube ruptures. For a detailed discussion of scenarios in which magnetic field loops can grow to several stellar radii, see MacNeice et al. (2004) .
Such extended high-contrast flares are rare. There are 4 candidates in our sample of 12 Class II YSOs, which suggests that these kinds of flares occur once a decade on a given Class II YSO. However, as we note in §5.2, our sample is not sensitive to flares with e-fold cooling times longer than about half a day. Equation 11 implies that the e-fold cooling time is proportional to flare loop length, so our sample is effectively biased towards more compact flares, and the rate of occurence of extended flares may be higher by a factor of a few.
Twelve of the the thirty flares in our sample occur on disked Class II YSOs, and another twelve are detected on Class III YSOs. The total flare rate on Class II and Class III YSOs is consistent with being the same, with no significant observational bias between the two classes. This is further evidence that the flux flares in our sample are part of the normal variety of stellar flares: extended flares simply erupt in such a configuration that they can interact with the disk. Flares that reach the disk are not a separate variety of flare, but rather a special case of a more common (if large) flare.
Comparison to Other Flare Samples
The derived flare characteristics presented in Table 4 can be compared to results for the six late-type active evolved dwarfs studied by Pandey and Singh (2008) , which used a similar technique for flare analysis. The six stars in their sample were observed for 30 to 60 ks, during which time Pandey and Singh report a total of 17 flares occurred. Flares in their sample do not last longer than 10 ks and usually only last a matter of minutes. Although the electron densities are similar in both our samples, the total energy released by flares in the sample of Pandey and Singh tend to be about three orders of magnitude smaller than the energy emitted by flares in our sample. Pandey and Singh conclude that flares in their sample are analogous to solar arcade flares; the numerous differences between the flares seen on the active dwarfs and the YSO flares indicate that unique influences must be driving the special case of long flares seen on Class II YSOs.
A comparison of the derived flare characteristics presented in Table 4 to the COUP survey's flare characteristics (see Favata et al. 2005 , Table 1 ) shows some global differences: the flare e-fold decay times in this study (mean of 11.0 ks) are significantly shorter than those reported in the COUP survey (mean of 67 ks); the dependence of derived flare characteristics on τ LC leads to smaller loop lengths in our sample than those reported by Favata et al. The mean loop length in our sample is 14 ± 10 × 10 10 cm and the mean magnetic field is 152 ± 106 G compared to 103 ± 80 × 10 10 cm and 351 ± 300G respectively in the Favata et al. sample. This discrepancy may be explained in terms of differences in exposure times between the two studies. The average effective exposure time in our sample is 96 ks, with a maximum exposure time of 151 ks, significantly less than the unequaled 850 ks effective exposure time in the COUP survey. Our sample is effectively biased against flares lasting longer than 75-100 ks, which restricts τ LC and thus the loop length (equation 11). Consequently, the flares in our sample tend to be shorter than flares in the COUP sample, which has no such restriction on τ LC .
In §4 we estimate the rate of occurrence of high-contrast flares in our sample to be 1 per 100,000 ks of exposure time. The COUP sample comprises 1500 stars nominally observed for 850 ks, but the effective COUP exposure time is actually somewhat longer than 850 ks because flares may occur during the 14-hour gaps between observations (when Chandra passes through the Van Allen belt) and still be detected by their aftereffects. With a revised effective exposure time of about 1130 ks, using our metric for rate of occurence we expect 17 high-contrast flare detections in the COUP sample. However, Favata et al. report 32 flare detections. This difference can be explained in several ways. First, the median age of stars in the ONC is only about 1 Myr, while the median age for stars in our sample is a slightly more mature 2.5 Myr, with some stars as old as 10 Myr. The younger stars in the ONC might simply be more active and produce more high-contrast flares. A difference in flare selection criteria between our two samples could also affect the number of flares reported. Favata et al. required only that three contiguous MLBs (see §2.1) be significantly elevated above the characteristic level and that the decay in the log T -log √ EM plane be sufficiently regular (i.e. monotonically decreasing). Our selection criteria were somewhat more exacting: in addition to requiring a linear decay in the log T -log √ EM plane, we required the archetypal flare behavior of fast rise and exponential decay with a peak count rate around 10 times the characteristic level.
We can also compare our sample of flares to the study published by Getman et al. (2008a,b) . Getman et al. constructed a sample of 216 flares observed during the COUP mission and analyzed them using a different flare spectral analysis technique (MASME) that avoids nonlinear modeling (Getman et al. 2008a and references therein). The same hydrodynamic modeling used in §3 was used to derive flare properties like loop length and peak flare temperature. The selection criteria for flares in the Getman et al. sample were somewhat more relaxed than those used in this study: all flare morphologies, not just archetypal fastrise-slow-decay flares, were accepted as long as the peak count rate was ≥ 4 times that of the characteristic level. Sample selection aside, many of the derived flare properties are comparable to the results presented in Table 4 : Getman et al. report a median T OBS of 63 MK, which is similar to our median T OBS of 50 MK, and a median loop length of 43 × 10 10 cm −2
for their sample. While the median loop length in our sample is only 10×10 10 cm −2 , only two of the thirty flares in our sample have lengths equal to or greater than 43 × 10 10 cm −2 ; the difference in median loop lengths is likely due to our smaller sample size. Finally, Getman et al. conclude that disk presence has no effect on peak flare luminosity and total flare energy (2008b), a result which we confirm in §4.
The principle difference between our study and Getman et al. regards the role of disks in flaring behavior. As discussed in §5.1, we find that long flares of order R C occur only on disked PMS stars and conclude that in the case of these very long flares, one footpoint of the magnetic loop must be anchored on the accretion disk. Getman et al. come to the opposite conclusion, observing flares of order R C or longer almost exclusively on YSOs categorized as Class III in their study (2008b). While Getman et al. find little actual variation in flare properties between disked and diskless stars, they argue that due to their faster rotation periods, Class III YSOs actually have significantly smaller co-rotation radii than Class II YSOs and so regardless of length in cm, flares on Class II YSOs rarely if ever reach the disk and are anchored on the stellar photosphere alone.
Finally, we can compare our sample to the study of COUP flares recently published by Aarnio et al. (2010) . Their goal was to understand the role that circumstellar disks play in the energetics of high-contrast X-ray flares. The authors construct spectral energy distributions in the wavelength range 0.3 − 8 µm (extending in some cases out to 24 µm) and model them to determine whether there is circumstellar disk material in sufficient proximity to the flares' confining magnetic loops to allow star-disk interaction. If R ⋆ , M ⋆ and T ef f are supplied, SED modelling can yield disk parameters including mass and sublimation radius. This technique characterizes the circumstellar disk more quantitatively than the near-infrared color excesses used in this study and has the advantage of detecting even cool disks with large inner holes. Aarnio et al. conclude that 58% of the stars in their COUP high-contrast flare sample have no disk material within reach of the confining magnetic loops and so argue that high-contrast X-ray flares in general are purely stellar in origin, neither triggered nor stabilized by star-disk interactions. The authors further argue that as long as the confining magnetic field at the end of the loop is strong enough, the loop is stable even without being anchored on the disk. We agree that disk presence has no effect on flare energetics, however our Figure 4 shows that confining magnetic field falls off sharply with loop length irrespective of disk presence and does not support this scenario.
Aarnio et al. do agree that for 10 of objects studied, star-disk interaction is possible and that the IR photometry of a further 8 sources in the sample does not permit conclusive statements about disks. Of the 15 flares in their sample with loops longer than about 10 R ⋆ , 5 flares appear within reach of the inner edge of the disk, and another 5 fall into the unknown category and have flare loop lengths of order the dust destruction radius. While not all flares studied by Aarnio et al. require star-disk interaction, the longest flares in the COUP high-contrast flare sample could be stablized by a circumstellar disk in the scenario presented in §5.1.
Comparison to Superflares
We have already discussed the bias in this sample towards high luminosity flares; these intense flares on YSOs may be analogs to so-called "superflares" seen on magnetically active main sequence stars. Schaefer et al. (2000) apply the term "superflare" to flares with energies ranging from 10 33 to 10 38 ergs on main sequence stars of spectral class F8 to G8 with no close binary companion and no evidence for rapid rotation. Osten et al. (2007) reported the detection of an X-ray superflare on the active binary system II Pegasi. The II Peg superflare radiated 6 × 10 36 ergs, the vast majority of which was radiated at energies less than 10 keV (see figure 4 of Osten et al. 2007 ). This value is comparable to the average energy radiated by flares in our sample, 1.66 ×10 36 ergs. It is thus tempting to draw an analogy between the YSO flares in our sample and superflares like those reported on II Peg, and so we can compare superflare characteristics to our flare sample. The reported II Peg superflare temperature is somewhat higher than observed (not peak) temperatures in our sample: various model fits to II Peg yield flare temperatures between 118 and 152 MK, consistent with the highest observed temperature in our sample of 126 ± 30 MK. The entire II Peg superflare only lasted for 11 ks, which is closer to the average e-fold decay time of flare events in our sample, not their entire duration. Based on 6.4 keV emission, Osten et al. report a loop length range of 0.5 − 1.3 R ⋆ for the superflare, which falls within the range of loop lengths observed in our sample, 0.2 − 3 R ⋆ . Osten et al. use n e of about 10 11 cm −3 , consistent with our sample's median plasma density of 1.2 × 10 11 cm −3 . Using the values for plasma density and observed temperature reported by Osten et al., equation 14 can be used to estimate that the II Peg superflare is confined by a magnetic field of about 50 G, which is also consistent with the magnetic field strengths observed in our sample. Finally, Osten et al. estimate that superflares like the one on II Pegasi occur once every 5.4 months, considerably more frequent than the value of one flare every three years calculated in §4 for our sample. Although similar flare characteristics do not guarantee identical flare production mechanisms, if II Peg may be considered representative of superflares on other active MS stars, such superflares seem analogous to the flares in our sample.
Iron 6.4 keV Fluorescence
Another important observation noted during the II Peg superflare was the detection of iron K-shell fluorescence emission at 6.4 keV (Osten et al. 2007) . Fluorescence emission has been well documented for solar flares and has also been observed on several YSOs sources (Tsujimoto et al. 2005 , Skinner et al. 2007 , 2009 ). The line can penetrate a large column density (up to 10 24 cm −2 ) and so serves as an excellent probe of circumstellar environments. The existence of Fe Kα emission on the Sun is usually attributed to photoexcitation of iron in the photosphere by bremsstrahlung radiation. A similar mechanism is believed to produce the emission on YSOs with two differences: the fluoresced iron is located in the circumstellar disk, not the photosphere, and the fluoresced material is irradiated by the Xrays from magnetic reconnection events, not quasi-stable stellar X-rays. Tsujimoto et al. report that detection of 6.4 keV emission line is correlated with larger-than-average flare amplitude, and they predict that 6.4 keV emission due to photoionization occurs exclusively in young stars with disks. The emission was reported in only 6 out of 127 sources examined by Tsujimoto et al. Careful examination of the 30 sources in our sample for the presence of 6.4 keV emission yielded no positive detection of the line. Our sample contains only 14 known Class I and II YSOs with disks thick enough for photoionized 6.4 keV, assuming the same rate of detection as seen by Tsujimoto et al. we would have expected only about a 50% probability of detecting an iron fluorescence line from one of our disked stars. Thus, zero detections in the 14 disked systems studied is consistent with their detection rate.
Conclusions
In this study, we built a sample of bright flare events on YSOs suitable for time-resolved spectral analysis from the ANCHORS database. We modeled the flare events with the timedependent hydrodynamic model of Reale et al. (1997) . The results of flare modeling were then examined in the context of YSO classification information from available near-and mid-infrared data. We identify large flares as having a fast rise in count rate to a level about ten times the characteristic level, followed by a slower quasi-exponential decay back down to characteristic level. We calculate that YSOs produce flares like the ones in our sample about once every three years. The flares in this sample exhibit a variety of plasma temperatures and loop lengths, but the more extended flares are tenuous and confined by weak magnetic fields. We find that flare loop length is anti-correlated with magnetic field strength and plasma density and that flare temperature and energy do not correlate with flare loop length, a result also noted by Getman et al. (2008b) and Aarnio et al. (2010) . Flare properties derived in this study are comparable in magnitude to those presented by Getman et al. (2008a,b) and Aarnio et al. (2010) but significantly smaller than those presented by Favata et al. (2005) . This discrepancy is most probably caused by the much longer observation time of sources in the COUP mission than in our sample, which allows for the discovery of more extended flares with longer decay times.
Comparison of the flares in our sample with a well-studied superflare on II Pegasi, a magnetically active main sequence star, reveals that although the peak flare temperature Class I and II YSOs, and the lack of loop lengths longer than 13 × 10 10 cm on the identified Class III YSOs, suggests and energy emitted by the II Peg superflare is comparable to energies in our sample, the entire II Peg superflare event was relatively short. Overall, the the II Peg superflare is consistent with the compact flares in our sample, suggesting analagous flare production mechanisms. A search for 6.4 keV fluorescent iron emission as observed in the II Peg superflare in our sample yielded a null result. This was however, consistent with the number of stars in our sample and the generally observed low rate of detection.
The detection of flares of order several stellar radii in length on the existence of long magnetic structures connecting the star and disk. We suggest the following scenario for star-disk magnetic interaction: equatorially located magnetic loops like those seen on the Sun can grow large enough to interact with the inner edge of a circumstellar accretion disk, provided convection on the chromosphere does not shuffle the loop footprint too much. The presence of a circumstellar disk does not determine flare energetics, but should a field line reach out and find disk material, the disk supports this extended magnetic structure. When the magnetic loop ruptures due to, e.g., differential rotation between the star and the disk, an extended flare results. Star-disk magnetic coupling thus explains the distribution of loop lengths seen in Figure 4 : the thin or non-existent disks associated with Class III YSOs cannot support the coherent magnetic field structures required for long flares. A limitation of the hydrodynamic model employed in this study is the inability to distinguish between a single large flare loop or an arcade of smaller loops for a given loop length L. However, we find it evidentiary that the only flares with L of order the dust destruction radius occur on stars with disks, and we do not find extended flare loop lengths for Class III sources. While these results are not conclusive proof of star-disk magnetic interaction, they are highly suggestive.
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Fig.
3.-Flare analysis described in §3 as applied to an archetypal flare, CXOANC J182943.0+010207 (Chandra observation 4479). The topmost plot is the light curve for the source. Segments considered at the characteristic level are plotted as blue squares, rise and decay segments are plotted as green diamonds, and peak flare segments are plotted as red triangles. The next two plots show the evolution of the flare's temperature and emission measure with time. The bottom plot shows the evolution of the flare in the log T -log √ EM plane, with the points used to obtain ζ connected by a best-fit line (the characteristic point on the lower left is excluded). 
